Plasmid pLSl-encoded 45-amino acid transcriptional repressor CopG (formerly RepA) has been chemicafly synthesized. A one-step purification of the synthetic protein has been developed, which yields high levels of pure protein with low or no contamination of tructed products. 
Modulation of gene expression from a given promoter can be mediated by DNA-binding proteins. Such transcriptional control is achieved through various mechanisms, including long-distance DNA-protein and protein-protein interactions (refs. 1 and 2; reviewed in ref. 3) , protein-mediated curvatures in regions upstream of promoters (4, 5) , and steric hindrance ofthe binding ofRNA polymerase to the promoter. The generation of local DNA deformations in the promoter region (6, 7) or contacts between the DNA-binding protein and RNA polymerase can also modulate promoter activity (8) . Information on DNA-protein complexes can be obtained from gel retardation assays (9) or through a variety of "footprinting" techniques (10) . However, the determination of the conformation of the complexes usually is the ultimate goal (11) . Such information can be comprehensive if it is accompanied by mutational analysis, which is facilitated when genetic systems designed to select the desired mutations are available (12, 13 
MATERIALS AND METHODS
DNA Isolation and Manipulations. The plasmid used was pLS1A24, an in vitro clockwise deletion derivative (including coordinates 4240-401) of plasmid pLS1 (16) . Plasmid DNA was prepared from Streptococcus pneumoniae and purified by two consecutive CsCl/ethidium bromide gradients, essentially as described (14) . Digestions of DNA with restriction enzymes (New England Biolabs) were performed as specified by the supplier. Restriction fragments were purified from 0.8% agarose gels with the Geneclean kit (Bio-101).
Purification of CopG from a Biologcl Source. CopG (formerly RepA; ref. 14) protein was overproduced with the Escherichia coli BL21(DE3) host/pET5 vector expression system (17) . The copGgene was overexpressed afterinduction with isopropyl (3-D-thiogalactopyranoside, and its product was purified by chromatography on agarose and heparin-agarose columns, as described (14) . A further step of purification and concentration was achieved by a second heparin-agarose column, using a 0. 
5178
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. alents) in N,N-dimethylformamide for 2 hr at 250C. Cleavage of the peptide from the resin was done by reagent R (trifluoroacetic acid/thioanisole/ethanedithiol/anisole, 90:5:3:2) for 2 hr at 25TC (19) . The resulting sulflhydrylcontaining peptide was dissolved in 6 M guanidine hydrochloride/0.4 M Tris-HCl, pH 7.5, and mixed with an iodoacetamide resin (=1.1 equivalents; Nikkon Millipore, Tokyo), for 2 hr at 250C. In this step only the desired peptide possessing the sulflydryl group was immobilized by covalent bonding to the resin. Then, 1 equivalent of2-mercaptoethanol was added for 30 min at 25°( to block the remaining iodoacetamide groups. The solution was filtered off, and the resin was washed with acetic acid/water, 1:1, and with methanol. The target peptide was released by treatment ofthe resin with aqueous 5% NH40H for 2 hr at 250C and the solution was filtered off. The resin was then washed twice with aqueous 5% NH4OH. The combined washings were lyophilized. The overall yield (synthesis and purification) was 5%.
Gel (20) .
RESULTS AND DISCUSSION The protein synthesized, CopG, is the smallest natural transcriptional repressor so far described (20) the promiscuous plasmid pLS1 ( Fig. 1; ref. 16 ), but similar repressors have been described for several other bacterial plasmids (14, 20) . CopG is a fully sequenced 45-amino acid polypeptide (14) , which controls the synthesis of the plasmid initiator of replication, the RepB protein, and thus controls plasmid copy number (14, 21) . The copG and repB genes are cotranscribed from the Pcr promoter, which is included in the target of CopG (20) . The CopG target also includes a 13-bp symmetric element which overlaps the -35 region of the Pcr promoter (Fig. 1) . Due to its small size, the predicted structure of CopG is simple: one P3-sheet at the N terminus, the helix-turn-helix motif typical of many DNA-binding proteins (22, 23) , and a positively charged random-coil C terminus (14) . The DNA region protected by purified CopG protein spans 45 bp, which may be due either to the strong DNA bend introduced by CopG around the Pcr promoter (24) or to a very high cooperative binding of CopG to its target DNA, perhaps mediated by protein-protein interactions (20) . These kinds of interactions, leading to dimer or tetramer formation, seem to be a key feature for an efficient regulatory role of the lac repressor (LacR), and they should be considered for any oligomeric DNA-binding protein (25) .
Chemical synthesis of the entire CopG protein is problematic because of the length of the sequence, the presence of four methionine residues (Fig. 2) , and the strong tendency of the protein to bind to the purification supports, yielding low or no recovery. In fact, several solid-phase syntheses based upon the methodology developed by Merrifield (26) were attempted with various chemistries without any significant recovery of the protein. This contrasts with the results obtained for the LacR-(1-56) headpiece (27) , perhaps due to the positively charged C end of CopG, or to the greater methionine content ofCopG (four residues) as compared with the truncated LacR synthetic peptide (two residues). Finally, a successful synthesis was achieved with a Fmoc/tBu mildorthogonal scheme (28) . After the cleavage of the peptide from the resin, a chemical purification was carried out by using an affinity-type purification procedure based upon the specific reaction between the sulfhydryl group contained in the peptide and an iodoacetamide group linked to a solid support (15) . The use of this purification method is critical because it yields relatively homogeneous material in a single step with excellent recoveries (Fig. 2) .
Analysis of some properties of the biologically produced CopG (B-CopG) protein (Fig. 3A) showed that it purifies as a dimer of identical subunits, which agrees with the twofold (Fig. 1) . The entire amino acid sequence of B-CopG has been determined (14) , which allowed us a precise determination ofits molecular weight (Fig.  3A) . A reliable estimation on the molar concentration of the purified B-CopG protein resulted from the analysis of its amino acid composition. The molar extinction coefficient of CopG could not be measured, because the single aromatic residue of the protein was not enough to obtain absorbance information by simple methods. Several amounts of ChCopG from the main peak of the chromatogram after Biolinker purification (Fig. 2) were run in a 17% polyacrylamide denaturing gel (Fig. 3B ) and compared with a known amount of B-CopG (determined as indicated above). Densitometric scanning of the gel allowed us to calculate that the total amount ofpure Ch-CopG obtained was 200 Zg. Scaling up the procedure gave milligam amounts of purified Ch-CopG. No significant contamination of the chemical protein with truncated peptides was found (Fig. 3B) , indicating that the synthesis procedure can yield crystallographic-quality purified protein.
To find out whether the Ch-CopG protein retained its activity in the formation of specific DNA-protein complexes, we compared the behavior of the two purified CopG proteins by two in vitro assays. First, gel retardation showed that both proteins efficiently and specifically bound to a 252-bp pLSl B Proc. Nad. Acad. Sci. USA 91 (1994) DNA fragment containing the target of CopG (Fig. 4A) . Three or four orders of CopG-DNA complexes were found, and their generation depended upon the DNA/protein ratio employed. However, 2 times more Ch-CopG than B-CopG was needed to obtain total specific complex formation. At high protein concentration, smearing of the larger bands was observed. This could be due to nonspecific binding rather than overloading artifacts, since the smallest fragments were unaffected (Fig. 4A) .
The second assay was aimed at showing CopG protection of the single pLSl ApaLI site, which is partially included within the 13-bp symmetric element (Fig. 1) . Full protection of the restriction site was obtained with both proteins (Fig.  4B) , and again twice as much Ch-CopG as B-CopG was needed to achieve the same level of protection. The above results indicate that Ch-CopG has about 50%6 activity as compared with the B-CopG protein. Densitometric scanning of the gels allowed us to obtain a rough estimation of the Kd of both proteins, which was in the range of at least 10-9 M (assuming the active fraction of the proteins to be 1). A DNA fiagment containing the symmetric element and the ApaLI restriction site ofpLSl, surrounded by foreign DNA, showed low affinity for CopG (data not shown), indicating that adjacent pLSl sequences are needed for good CopG-DNA target recognition.
Functionality of Ch-CopG was assayed by comparing the ability of Ch-and B-CopG proteins to act as specific transcriptional repressors in vitro. For this purpose, we used a pLS1 DNA fragment containing two promoters: Pcr (containing the CopG target; Fig. 1 
